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BACKGROUND: Heart failure (HF) poses a significant global disease burden. The current evidence on the impact of air pollution on HF remains
inconsistent.

OBJECTIVES: We aimed to conduct a systematic review of the literature and meta-analysis to provide a more comprehensive and multiperspective
assessment of the associations between short- and long-term air pollution exposure and HF from epidemiological evidences.

METHODS: Three databases were searched up to 31 August 2022 for studies investigating the association between air pollutants (PM2:5, PM10, NO2,
SO2, CO, O3) and HF hospitalization, incidence, or mortality. A random effects model was used to derive the risk estimations. Subgroup analysis was
conducted by geographical location, age of participants, outcome, study design, covered area, the methods of exposure assessment, and the length of
exposure window. Sensitivity analysis and adjustment for publication bias were performed to test the robustness of the results.

RESULTS: Of 100 studies covering 20 countries worldwide, 81 were for short-term and 19 were for long-term exposure. Almost all air pollutants were
adversely associated with the risk of HF in both short- and long-term exposure studies. For short-term exposures, we found the risk of HF increased by
1.8% [relative risk ðRRÞ=1:018, 95% confidence interval (CI): 1.011, 1.025] and 1.6% (RR=1:016, 95% CI: 1.011, 1.020) per 10-lg=m3 increment of
PM2:5 and PM10, respectively. HFwas also significantly associated with NO2, SO2, and CO, but not O3. Positive associations were stronger when exposure
was considered over the previous 2 d (lag 0–1) rather than on the day of exposure only (lag 0). For long-term exposures, there were significant associations
between several air pollutants and HF with RR (95% CI) of 1.748 (1.112, 2.747) per 10-lg=m3 increment in PM2:5, 1.212 (1.010, 1.454) per 10-lg=m3 in-
crement in PM10, and 1.204 (1.069, 1.356) per 10-ppb increment in NO2, respectively. The adverse associations of most pollutants with HFwere greater in
low- andmiddle-income countries than in high-income countries. Sensitivity analysis demonstrated the robustness of our results.
DISCUSSION:Available evidence highlighted adverse associations between air pollution and HF regardless of short- and long-term exposure. Air pollu-
tion is still a prevalent public health issue globally and sustained policies and actions are called for to reduce the burden of HF. https://doi.org/
10.1289/EHP11506

Introduction
Heart failure (HF) is a complex syndrome caused by cardiac struc-
tural or functional impairment and is often the terminal stage of
various cardiovascular diseases (CVDs). Although the age-
standardized incidence of HF has been declining since 2000,1 it
remains highly prevalent and contributes to considerable mortality
and represents a considerable disease burden globally owing to the
aging of the population. In 2017, an estimated 63:4million people
worldwide suffered from HF, representing a 106% increase in the
years of livedwith disability (YLDs) comparedwith 1990.2

According to the Global Burden of Disease Study in 2019, air
pollution in urban and rural areas was responsible for ∼ 6:6million
premature deaths,3 mainly as a result of exposure to fine and ultra-
fine particulate matter with an aerodynamic diameter of ≤2:5 lm
(PM2:5 and UFP, respectively). Observational and experimental
studies have demonstrated that air pollution has a strong impact on
CVDs such as coronary artery disease,4 stroke5 and myocardial in-
farction.6 In a previous meta-analysis that included short-term air
pollution exposure studies published through 15 July 2012, air

pollution was reported to be associated with HF hospitalization or
death within a few days after exposure; however, most of the
reports were from high-income countries (HICs) with lower con-
centrations of air pollutants (e.g., PM2:5, concentration ranging
from 4.5 to 20:5 lg=m3).7

Over the past decade, numerous studies have provided new
evidence on the link between air pollution and HF from low-
and middle-income countries (LMICs) or long-term exposures.
Compared with the HICs, the air quality in LMICs is often
worse, and many LMICs have annual average PM2:5 concentra-
tions well above 20 lg=m3.8,9 A significant positive association
between PM2:5 concentration and HF hospitalizations was
observed in 26 Chinese cities with an average annual PM2:5 con-
centration of 63:5 lg=m3.8 In addition, associations between
long-term exposure to air pollution and HF have increasingly
been reported.10–13 However, the results across studies have
been largely inconsistent owing to variations in demographic
characteristics, study design, types and concentrations of pollu-
tants, and other factors.10,11 A cohort study in Toronto, Canada,
showed that long-term exposure to PM2:5 was significantly asso-
ciated with congestive HF.12 Conversely, another cohort study
of 196,167 adults in South Korea found a significant negative
association between long-term PM2:5 exposure and HF.13 Given
the availability of new studies, we performed a systematic
review and meta-analysis to provide a more comprehensive and
multiperspective assessment of the associations of both short-
and long-term exposure to particulate and gaseous air pollutants
with HF in adults and to provide more valuable information for
further studies and prevention strategies.

Methods

Search Strategy and Selection Criteria
This systematic review and meta-analysis was conducted follow-
ing the 2020 Preferred Reporting Items for Systematic Reviews

Address correspondence to Shufeng Chen, Key Laboratory of Cardiovascular
Epidemiology, Department of Epidemiology, State Key Laboratory of
Cardiovascular Disease, Fuwai Hospital, Chinese Academy of Medical
Sciences & Peking Union Medical College/National Center for Cardiovascular
Diseases, Beijing 100037, China. Telephone: 86(10)60866589. Email:
chenshufeng@fuwai.cams.cn
Supplemental Material is available online (https://doi.org/10.1289/EHP11506).
All authors declare no competing interests.
Received 30 April 2022; Revised 15 February 2023; Accepted 6 June 2023;

Published 3 July 2023.
Note to readers with disabilities: EHP strives to ensure that all journal

content is accessible to all readers. However, some figures and Supplemental
Material published in EHP articles may not conform to 508 standards due to
the complexity of the information being presented. If you need assistance
accessing journal content, please contact ehpsubmissions@niehs.nih.gov. Our
staff will work with you to assess and meet your accessibility needs within 3
working days.

Environmental Health Perspectives 076001-1 131(7) July 2023

A Section 508–conformant HTML version of this article
is available at https://doi.org/10.1289/EHP11506.Review

https://doi.org/10.1289/EHP11506
https://doi.org/10.1289/EHP11506
mailto:chenshufeng@fuwai.cams.cn
https://doi.org/10.1289/EHP11506
http://ehp.niehs.nih.gov/accessibility/
mailto:ehpsubmissions@niehs.nih.gov
https://doi.org/10.1289/EHP11506


and Meta-Analyses (PRISMA) guideline, and the review methods
were prespecified prior to the execution of this review. The objec-
tives of the review were defined according to three elements: a)
population, including adults ≥18 y old; b) exposure, indicating ex-
posure to air pollution or specific air pollutant; and c) outcome,
hospitalization or mortality related to, or incidence or prevalence
of, HF. We searched for studies focusing on the association
between air pollution and HF in human from three databases:
PubMed, Ovid Medline, and Embase. The primary search key-
wordswere based on “air pollution” and “heart failure.” In “air pol-
lution,” we included the terms “air pollution” or “air pollutants,”
“particulate matter (PM2:5, PM10),” “nitrogen dioxide (NO2),”
“sulphur dioxide (SO2),” “carbon monoxide (CO),” and “ozone
(O3).” Keywords in “heart failure” were “heart failure,” “cardiac
failure,” “heart decompensation,” “myocardial failure,” and “car-
diac insufficiency.” The bibliography lists of eligible studies and
relevant reviews were also screened. A literature search was con-
ducted among studies published through 31 August 2022. The
complete search strategies are available in the Supplemental
Material, “Search Strategies in Different Databases.” The retrieval
and screening process of the literature was repeated independently
by two researchers (J.Y. and L.Z.), and any inconsistencies were
discussed and agreed uponwith a third researcher (H.Z.).

Epidemiological studies were included if they a) presented
data and reported the association between exposure to particulate
(PM2:5, PM10) or gaseous (NO2, SO2, CO, O3) air pollutants and
HF; b) reported data for emergency department visits, HF hospi-
talization, HF incidence, HF mortality in all participants regard-
less of history of HF, or all-cause mortality in patients with HF;
c) reported odds ratio (OR)/relative ratio (RR)/hazard ratio (HR)
and the corresponding 95% confidence interval (CI) for the asso-
ciation between air pollutants and HF; and d) were peer-reviewed
original studies in English.

Data Extraction
Data extraction of included studies was performed independently
by two researchers (J.Y. and L.Z.), and a third researcher (H.Z.)
joined the discussion to resolve any disagreements. For each eligi-
ble study, we extracted general study characteristics (author, pub-
lished year, study period, country, data source, study design,
sample size, age, population, type of air pollutants, exposure
assessment methods) and statistical values (mean or range of expo-
sure to air pollutants, OR/RR/HR and 95%CI, adjusted covariates).
For short-term exposure studies, we also extracted the number of
lags up to lag 7 if applicable.

Assessing the Risk of Bias
We evaluated the risk of bias for each of the studies followed the
Navigation Guide14,15 across the following domains: recruitment
strategy, blinding, confounding, exposure assessment, incomplete
outcome data, selective outcome reporting, conflicts of interest, or
other resources of bias that could put the study at risk of bias.15,16

For each domain, risk of bias was rated as “low,” “probably low,”
“probably high,” or “high,” and the specific detailed rating defini-
tions of each domain were adapted with reference to the
Navigation Guide and related literature combining with the topic
of our review (general definition of the low risk of bias is shown
in Table 1; for detailed criteria, see Supplemental Material,
“Instructions for Making Risk of Bias Determinations”). Two
researchers (J.Y. and L.C.) independently made and documented
risk of bias determinations for each study across all domains.
When these two researchers could not reach consensus on a risk of
bias domain, another researcher (L.Z.) reviewed the results. If all
three researchers were unable to reach agreement on a risk of bias

determination for a particular domain, the more conservative judg-
ment was adopted (e.g., if one reviewer made a judgment of low
risk and the others made a judgment of probably low risk, the prob-
ably low risk judgment was used).

Data Syntheses
RRwas used to represent the association between exposure and out-
come uniformly. RRs were pooled after transformation with a con-
sistent increment7 in pollutant concentrations as follows: 10lg=m3

for PM2:5 and PM10; 10 ppb for NO2 (1 ppb=46=22:4 lg=m3),
SO2 (1 ppb= 64=22:4 lg=m3), and O3 (1 ppb= 48=22:4lg=m3);
and 1 ppm for CO (1 ppm=1,000× 28=22:4 lg=m3). We assumed
a linear relationship between exposure and outcome, given that
most studies used generalized linear models. Therefore, standar-
dized RRs were calculated for each study using the following
formula:

RRðstandardizedÞ =RRIncrementðstandardizedÞ=IncrementðoriginalÞ
ðoriginalÞ :

When both associations for hospitalization and mortality of
HF in the same population were reported in one study, the effect
value of hospitalization with a larger number of events was
pooled in the overall risk and they were pooled separately in
stratified analysis. One exception is that two long-term stud-
ies17,18 discussed the impact of air pollutants on the all-cause
mortality and readmission in patients with HF in the same cohort,
and the study with more patients for mortality17 was included in
the meta-analysis.

For several different studies of the same population, we included
only the results from time-series analysis (short-term),19–21 longer
follow-up (long-term),22,23 covering more pollutants,24,25 or the
updated reports26–30 to estimate the overall risk. Some studies
reported stratified risk estimations by location,11,31 age,32 and
temperature24,25,33,34 rather than a whole population, and the

Table 1. Summary of risk of bias domains and criteria for low risk
evaluation.

Risk of bias domaina Criteria for low risk evaluationb

Recruitment strategy Protocols for recruitment and inclusion/exclusion
criteria applied similarly across study groups.

Blinding Knowledge of the exposure ensured when assess-
ing outcome, or judgment that outcome mea-
surement not likely to be influenced by lack of
blinding.

Exposure assessment Confidence in the accuracy of the exposure assess-
ment methods that minimizes exposure misclas-
sification, that is, validity and reliability
measures specified for monitoring and
modeling.

Confounding All the important potential confounders prespeci-
fied are accounted for.

Incomplete outcome No missing outcome data, balanced attrition across
groups, or for continuous outcome data, plausi-
ble effect size among missing outcomes not
enough to have a relevant impact on the
observed effect size.

Selective outcome
reporting

All prespecified outcomes outlined in the protocol,
methods, abstract, or introduction reported in
the prespecified way.

Conflict of interest The study did not receive support from a company,
study author, or other entity having a financial
interest in the outcome of the study.

Other bias The study appears to be free of other sources of
bias.

aThe eight domains of risk of bias assessment were strictly followed the Navigation
Guide.14,15
bThe criteria for risk evaluation was adapted from the Navigation Guide combined with
the topic of our review.
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stratified results were all incorporated to evaluate the overall risk of
HF. For all studies, we pooled the adjusted risk estimates after con-
trolling for confounders such as temporal, meteorological, seasonal,
demographic, and socioeconomic factors.

Most short-term exposure studies announced multiple esti-
mates for different lags and were all pooled separately (Excel
Table S1), whereas the shortest lag [either single-day (e.g., lag 0)
or multiday (e.g., lag 0–1) lag] was pooled for the overall risk. For
estimates of different lags, we pooled the effect with at least two
estimates separately. Long-term exposure studies were mostly
derived from large cohorts and, therefore, the exposure windows
were hard to standardize (Excel Table S2). Thus, the most signifi-
cant result of each studywas pooled for overall estimation.

Statistical Analyses
Meta-analyses were conducted only when two or more eligible
studies examined the association between the same pollutant and
HF. A random effects model was used to estimate the quantitative
associations of short-term and long-term exposure to air pollutants
with HF risk, which accounted for heterogeneity among studies.
Heterogeneity was assessed using I2 statistics,35 and an I2 value
≥75% was regarded as considerable heterogeneity. Funnel plots
were drawn to assess the asymmetry of studies. The Egger’s
regression test was used (only when the number of studies was
≥10) for testing the publication bias,36,37 whereas a p<0:05 indi-
cated significant publication bias. We also used the Trim and Fill
method to further test and adjust for possible publication bias.38

Additional stratified analysis for short-term exposure was car-
ried out by geographical location, age, outcome, study design,
covered area, the methods of exposure assessment, and the length
of exposure window (each subgroup included at least two stud-
ies) to determine whether a potentially susceptible population
may exist. For long-term exposure, stratified analyses were done
according to covered area, exposure window, exposure stage, and
geographical location. Given the limited studies included for
long-term exposure to SO2 and CO, the stratified analysis was
not carried out for these exposures. To investigate the source of
the heterogeneity, we performed meta-regressions for air pollu-
tants with at least 10 studies included,16 adjusting several factors
such as publication year (continuous), sample size (continuous),
population characteristics (general population or CVD patients,
age ≥65 y old or all age), regions (continent, single or multicity),
exposure assessment (monitoring or modeled data), exposure
window (only applied in long-term exposure; 1 y or >1 y), out-
come definition (only applied in short-term exposure; emergency
visit, hospitalization or mortality), and study design (only applied
in short-term exposure; time-series, case-crossover or survival
analysis). For each pollutant, we selected the meta-regression
model with the best R2 under the premise of convergence as the
main model. Sensitivity analysis was used to test the robustness
of our results by excluding the studies with maximum or mini-
mum effect size, a special period (i.e., wildfire or storm), small
sample size (<10,000 participants), special population (i.e.,
patients with CVD or HF), and high risk of bias.

The analyses were performed using Stata software (version
16.0; StataCorp). Statistical significance was taken as two-sided
p<0:05.

Results

Literature Retrieval and Basic Study Characteristics
The initial searches retrieved 4,403 records from three databases
with no additional records found through the bibliography lists,
1,482 records of which were removed for being duplicates and

2,627 records were removed for being irrelevant (Figure S1). Of
294 studies that underwent in-depth full-text review, 100 studies
met the inclusion criteria. The eligible studies were divided into
two groups according to the interval between the occurrence of
exposure and the onset of the outcome. We did not find any eligi-
ble studies in which the interval was between 30 d to 1 y. So the
studies were grouped as short-term exposure (n=81) if the inter-
val was ≤30 d (Table 2), and as long-term exposure (n=19) if
the interval was ≥1 y (Table 3). For short-term exposure studies,
48 studies used a time-series analysis, 30 studies used a case-
crossover analysis, 1 study used both time-series and case-
crossover analysis, and 2 cohort studies with survival analysis
used the Cox proportion hazard risk model. All 19 long-term
studies used the cohort design. No case–control studies investi-
gating these relationships were found in the eligible studies.

All studies covered 20 countries, mostly in the Northern
Hemisphere (Figure S2). The top three countries in terms of the
number of studies were the United States, China, and Canada,
which together accounted for two-thirds of all studies. All included
studies covered a wide range of concentrations across several air
pollutants; for example, PM2:5 ranged from 2.90 to 102:10lg=m3,
PM10 from 13.00 to 131:50lg=m3, NO2 from 6.57 to 77:03 ppb,
SO2 from 0.92 to 32:01 ppb, CO from 0.002 to 5:60 ppm, and O3
from 1.88 to 95:66 ppb. The methods for exposure assessment
were mainly based on two types of data sources. One was to esti-
mate individual exposure at the city-/countrywide level based on
the real-time monitoring data from national or regional surveil-
lance sites (69 studies of short-term exposure and 3 studies of long-
term exposure), whereas the other method was at the individual
level based on predicted values of pollutants by various models (12
studies of short-term exposure and 16 studies of long-term expo-
sure), such as the land-use regressionmodel, satellite-based atmos-
pheric aerosol optical depth inversion model, or hybrid model with
machine learning.

Short-Term Exposure of Air Pollutants and HF
Significantly positive associations were calculated for exposures
to almost all the gaseous and particulate pollutants and HF
(Figure 1). A 10-lg=m3 increment of PM2:5 and PM10 was esti-
mated to result in a 1.8% (RR=1:018, 95% CI: 1.011, 1.025) and
1.6% (RR=1:016, 95% CI: 1.011, 1.020) increase in risk of HF
hospitalization and mortality, respectively. The RRs for gaseous
pollutants on HF ranged from 1.010 to 1.037, with all pollutants
having an association with increased risk of HF, although the
overall risk in O3 was not significant (RR=1:010, 95% CI:
0.998, 1.021). In single-day lag models, the strongest associations
were generally presented at lag 0, and the strength gradually
decreased from lag 0 to lag 7. A clear temporal trend of a gradual
reduction in RR was observed within 3 d of exposure, but the
adverse impact of pollutants on HF remained for 7 d. Multiday
lag models often presented a positive association at lag 0–1, lag
0–2, and lag 0–6 without remarkable temporal tendency. The
more apparent positive associations usually appeared at lag 0–1.
A 10-ppb increment of O3 was significantly associated with HF
only at lag 0–6 (RR=1:025, 95% CI: 1.008, 1.042).

Additional stratified analyses were done for short-term expo-
sure studies by outcome, study design, age of participants, geo-
graphical location, national economic status, exposure assessment,
and covered areas (Figure 2). After grouping by the national eco-
nomic status (Excel Table S1), the HF risks associated with each
pollutant (PM2:5, PM10, NO2, SO2, CO, and O3) in LMICs were
higher than those in HICs. Compared with Europe and North
America, the adverse impacts of pollutants on HF were generally
larger in Asia, roughly in line with air pollution levels across conti-
nents (Figure 2; Table S1). Studies originating in Oceania
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AA. Single-day Lag Model

Figure 1. Associations between short-term exposure to air pollutants and heart failure with different lags. Short-term exposure refers to the interval between
the occurrence of exposure and the onset of the outcome being ≤30 d. The pooled calculated RRs are plotted as squares, with the corresponding CIs plotted as
lines through the squares. (A) presents the pooled results in single-day lag model from lag 0 to lag 7. (B) presents the pooled results in different multiday lag
models from lag 0–1 to lag 0–7. The “Overall” RR represents the pooled results of the shortest lag in each study. The increments of each pollutant are
10lg=m3 for PM2:5 and PM10; 10 ppb for SO2, NO2, and O3; and 1 ppm for CO. The original data for the figure plotting are listed in Table S5. Note: CI, confi-
dence interval; CO, carbon monoxide; N, number of estimations; NO2, nitrogen dioxide; O3, ozone; PM2:5, particulate matter with the diameter ≤2:5 lm;
PM10, particulate matter with the diameter ≤10 lm; RR, relative risk; SO2, sulfur dioxide.
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B. Multiday Lag Model

Figure 1. (Continued.)
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Figure 2. Stratified analyses for short-term exposure studies. Short-term exposure refers to the interval between the occurrence of exposure and the onset of
the outcome being ≤30 d. Seven major stratified analyses were performed for each air pollutant. Results were grouped by outcomes, methods, age of popula-
tion, national economic levels, continents, exposure assessment, and covered area (for details, see Table 2 and Excel Table S1). The pooled calculated RRs of
each group are plotted as squares, and the corresponding CIs plotted as lines through the squares. Confidence intervals beyond the x-axis range are indicated
by arrows. The increments of each pollutant are 10lg=m3 for PM2:5 and PM10; 10 ppb for SO2, NO2 and O3; and 1 ppm for CO. The subgroup was included
in the stratified analysis only if there were at least two estimations in the subgroup. The original data for the figure plotting are listed in Table S6. Note: CI,
confidence interval; CO, carbon monoxide; HIC, high-income country; LMIC, low- and middle-income country; NO2, nitrogen dioxide; O3, ozone; PM2:5,
particulate matter with the diameter ≤2:5 lm; PM10, particulate matter with the diameter ≤10 lm; RR, relative risk; SO2, sulfur dioxide.
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evaluated only the associations of PM2:5, and the combined risk of
HF hospitalizations and mortality (RR=1:081, 95% CI: 1.019,
1.147) was higher than that reported on other continents. For most
pollutants, using data from monitoring stations to assess the expo-
sure level generally yielded larger effect sizes than using the
modeled data (Figure 2; Excel Table S1). There were similar asso-
ciations between studies conducted in single and multiple cities.
The two main methods used in these studies, time-series analysis
and case-crossover analysis, also showed similar results.

Long-Term Exposure of Air Pollutants and HF
Among 19 cohort studies assessing the associations of long-term
exposure to air pollutants with HF, 14 studies assessed the associ-
ations for PM2:5, 8 for PM10, 10 for NO2, 5 for O3, 3 for CO, and
2 for SO2 (Table 3). Because of the various exposure windows
chosen in the long-term studies, the most significant estimations
of each study were synthesized in meta-analysis using the ran-
dom effects model. Pooled positive associations were calculated
for particulate matter (PM2:5 and PM10) and NO2 with HF inci-
dence and mortality (Figure 3). A 10-lg=m3 increment in PM2:5
and PM10 was associated with a 74.8% (RR=1:748, 95% CI:
1.112, 2.747) and 21.2% (RR=1:212, 95% CI: 1.010, 1.454)
increased overall risk of HF, respectively. A 10-ppb increment in
NO2 was also associated with a 20.4% (RR=1:204, 95% CI:
1.069, 1.356) higher risk of HF. Neither CO nor O3 was signifi-
cantly related to HF. In most eligible original studies included, a
positive association between CO and HF was found but not statis-
tically significant. The association between O3 and HF was con-
troversial across the original studies, with a maximum RR of
1.255 (95% CI: 1.243, 1.268) and a minimum RR of 0.755 (95%
CI: 0.709, 0.805). There was a significant adverse association
between SO2 and HF reported in a study from South Korea13
(RR=15:316, 95% CI: 8.653, 27.474, per 10-ppb increment), but
not in one from China114 (RR=1:041, 95% CI: 0.962, 1.125, per
10-ppb increment). Additional stratified analyses were performed
by time of exposure window (1 y, ≥1 y), exposure stage (expo-
sure window was prior to the outcome occurrence, exposure win-
dow was prior to the baseline), covered area (single city,
multicity), and geographic location (Asia, North America,
Europe) with at least two studies in each group, and similar esti-
mations were found among all groups in PM2:5, NO2, and O3 ex-
posure (Figure 4).

Risk of Bias Assessment
Based on our assessment, all 81 studies for short-term exposure
and 19 studies for long-term exposure were generally at low risk
of bias (Figure 5A,B). According to the Navigation Guide crite-
ria, exposure assessment, confounding, and conflict of interest
were identified as the most common sources of risk of bias
(Figure 5C). Different pollutant exposures were mostly assessed
by the same method in the same study, we assessed the overall
risk of bias for each study rather than each pollutant reported
within a given study (Figure 5; Excel Tables S1 and S2). When
exposure assessment methods were inconsistent among different
pollutants in the same study, the risks of bias of exposure assess-
ment were assessed separately, and no inconsistency of the risk
of bias rating was found for different pollutants.

Sensitivity Analyses
Sensitivity analyses showed that results were generally robust for
both short- and long-term exposure when we excluded studies with
the largest or smallest estimated effect size, small sample size, and
high risk of bias in any domain (Table S2). Sensitivity analysis af-
ter excluding short-term exposure studies that focused only on a

special population (i.e., patients with CVD or HF)26,78,88,102 or a
special period,99,101 such as a wildfire or storm, still supported
the soundness of the results (Table S2). For instance, after exclud-
ing studies that focused only on special populations, short-term ex-
posure to PM2:5 was still associated with a significantly increased
risk of HF (RR=1:017, 95%CI: 1.010, 1.023).

Meta-Regression, Heterogeneity, and Publication Bias
Analyses
We observed significant heterogeneity of included studies across all
pollutants in both short- and long-term exposure. The meta-
regression for short-term exposure to six pollutants showed that
none of the investigated factors was a substantial source of the heter-
ogeneity (Table S3). Differences in sample size (p<0:05), exposure
assessment (p<0:05), exposure window (p<0:01), population
selected (p<0:01), and continent (p<0:01) could explain some of
the heterogeneity of long-term PM2:5 exposure, but only year of
publication (p<0:001) and sample size (p<0:01) appeared to
partly explain the heterogeneity in long-term association of NO2
andHF (Table S4).

For short-term association of PM2:5, no evident publication
bias was found at the test level of 0.1. For the other five pollu-
tants, although there were apparent publication biases, the results
of short-term associations experienced only subtle fluctuations af-
ter adjusting for publication bias (Table 4; Figure S3). No signifi-
cant publication bias was found in the long-term exposure study
at the same test level, and the results had no material change after
adjustment for publication bias (Table 4; Figure S3). Overall, the
effect sizes adjusted for publication bias were generally larger
than the original estimates, except long-term exposure to O3.

Discussion
This study synthesized more evidence of exposure to air pollu-
tants with HF. Both short- and long-term exposure to PM2:5,
PM10, and NO2 were estimated to be significantly associated
with higher risk of HF. Only short-term exposure to SO2 and CO
had remarkable associations with HF, but not long-term expo-
sure. Neither short- nor long-term exposure to O3 was signifi-
cantly associated with an increased risk of HF.

As an extension of the previous study by Shah et al.,7 we
summarized more evidence on short-term exposure from more
LMICs and with different exposure measurements and multiple
lags. As expected, short-term exposure to almost all pollutants
except O3 were associated with risk of HF with a longer lag time.
The HF risks of all gaseous pollutants were higher in this study
than those reported in the previous review;7 for example, we
obtained a 1.038 overall risk of short-term exposure to NO2,
which is larger than the risk previously reported (RR=1:017).7

Positive associations were stronger when exposure was consid-
ered over the previous 2 d (lag 0–1) rather than on the day of ex-
posure only (lag 0), which was inconsistent with the results of the
strongest associations at lag 0 in the previous meta-analysis,
especially when exposed to particulate matter. In terms of pollu-
tant exposure, the short-term studies included in our meta-
analysis covered a wider range of concentrations and had larger
medians of average concentrations in PM2:5, PM10, SO2, and O3.

Although most studies were conducted in the United States,
evidence from China, Brazil, and other LMICs in our study has
greatly emerged in the recent decade (∼ 33% of all evidence pub-
lished after 2012). A higher risk of HF associated with exposure to
air pollutants was found in the LMICs than in the HICs, whichmay
be partially due to the higher pollutant levels in LMICs. Among all
the included studies, the PM2:5 concentrations in nearly half of
those from HICs have already met the 2021 standard of the World
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Figure 3. Associations between long-term exposure to air pollutants and heart failure. Long-term exposure refers to the interval between the occurrence of exposure
and the onset of the outcome being ≥1 y. Owing to the various exposure window chosen in long-term studies, the most significant estimations of each study were
synthesized in meta-analysis using the random effects model. Each square represents the reported effect size in each original study, and the size of the square repre-
sents the pooledweight that studywas given according to the sample size. The line through the square indicates the corresponding CI. Diamonds represent the overall
effect of each pollutant after inclusion in the pooled studies. Note: CI, confidence interval; CO, carbon monoxide; NO2, nitrogen dioxide; O3, ozone; PM2:5, particu-
late matter with the diameter≤2:5 lm; PM10, particulate matter with the diameter≤10 lm; RR, relative risk; SO2, sulfur dioxide.
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Health Organization Global Air Quality Guidelines (an average of
24-h <15lg=m3),120 whereas no studies from LMICs reached the
standard. Besides, such differences might also be due to some other
inherent and historical discrepancies between LMICs and HICs,
including the types of primary pollutant, unique component(s) of
pollutants, the epidemiologic status of HF, or the popularity of
other confounding factors. Apart from using the traditional moni-
toring station data, some studies used exposure measurements
based on various models that generally had higher spatial and tem-
poral accuracy and could more precisely assess individual expo-
sure levels. However, such methods were usually applied in HICs,
which might be related to the level of economy and technology.
In LMICs, only one long-term study from China used model-
predicted exposure estimates.114

The potential mechanisms have been proposed in recent stud-
ies for the associations of air pollutants with HF. It has been
widely shown using in vitro,121 in vivo,122 and epidemiological123
studies that ambient air pollutant exposure is associated with oxi-
dative stress, systemic inflammation, and autonomic imbalance.
It is proposed that inhaled air pollutants promote oxidative stress
and then activate the inflammatory response. Reactive oxygen
species released by macrophages and endothelial cells during
inflammation further promote the inflammatory response.124 The
hypothalamic–pituitary–adrenal axis could also be activated
when exposed to air pollutants, triggering an increase in stress
hormone secretion.125 These physiological changes can lead to
increased blood pressure and decreased cardiac output, which,
over time, may further result in the progression of endothelial

Figure 4. Stratified analysis for long-term exposure studies. Long-term exposure refers to the interval between the occurrence of exposure and the onset of the
outcome being ≥1 y. Four major stratified analyses were performed for each air pollutant. Results were grouped by outcomes, methods, age of population,
national economic levels, continents, and covered area (for details, see Table 3 and Excel Table S2). The pooled calculated RRs of each group are plotted as
squares, and the corresponding CIs plotted as lines through the squares. The increments of each pollutant are 10lg=m3 for PM2:5 and PM10, and 10 ppb for
NO2 and O3. The subgroup was included in the stratified analysis only if there were at least two estimations in the subgroup. The original data for the figure
plotting are listed in Table S7. Note: CI, confidence interval; NO2, nitrogen dioxide; O3, ozone; PM2:5, particulate matter with the diameter ≤2:5 lm; PM10,
particulate matter with the diameter ≤10 lm; RR, relative risk.
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dysfunction, atherosclerosis, cardiac diastolic dysfunction, left
ventricular hypertrophy, and myocardial fibrosis126,127 and ulti-
mately increase the risk of HF. Besides, animal studies have
shown that long-term exposure to PM2:5 can lead to an increase
in biomarkers of myocardial hypertrophy in mice, leading to ven-
tricular remodeling characterized by myosin heavy chain subtype
transformation and fibrogenesis, resulting in consistent changes
in the early stage of HF.126

Two strengths of our meta-analysis should be highlighted.
First, we synthesized the comprehensive evidence to assess the
relationship of long-term exposure to particulate and gaseous air
pollutants with HF for the first time. Second, by incorporating
studies conducted in more countries and regions, we provided a
more extensive and evident evaluation for the acute impact of air
pollution on HF over a wider range of air pollution concentra-
tions. This filled in the gaps of evidence from the LMICs and
regions with high pollution levels.

However, several limitations should be noted. First, there was
significant heterogeneity across all pollutants in both short- and
long-term exposures. Even so, multiple sensitivity analyses by
excluding any single or more specific studies still showed the
robustness of our estimations. Publication bias did exist for several
pollutants, whereas estimates did not substantially change after
adjusting for the bias. Second, owing to the limitation of methods
and data, we assessed the impact of only the individual pollutant,
not the combined effect. Simultaneous exposure to all pollutants
may have synergistic impacts, which were not evaluated in our
meta-analysis. Third, evidence from LMICs and gaseous pollu-
tants is sparce, especially regarding long-term exposures. The only
study in the LMICs was from China and it included 4,866 patients
with HFwhowere followed up for only 1 y.114 Compared with par-
ticulate matter, the number of studies on gaseous pollutants was
less than half, especially for CO and SO2, which seriously affected
the strength of the evidence in the review. Hence, inferences about
causality and the strength of the evidence were inevitably limited.

Even so, the true impact of air pollution on HF hospitaliza-
tion, incidence, and mortality still needs to be further explored in
many aspects. First, it is arbitrary to isolate short- and long-term
exposures of air pollution, so studies that take both into account
are urgently needed in the future. Second, most studies generally
assume an approximate linear relationship between pollution con-
centration and HF. The true dose–response relationship between
air pollution and HF needs to be further explored. Third, although
the associations of air pollutants with HF have been estimated,
they may be more pronounced in patients with HF or other basic
diseases that can impair heart function.17,26,114 Owing to the limi-
tation of existing data, we were unable to accurately estimate the
impact of air pollution on patients who have different phenotypes
or grades of cardiac insufficiency. Fourth, prolonged cumulative
exposure to air pollution seemed to result in a higher risk of
HF compared with the risk of myocardial infraction6 and
other CVDs.128 One possible reason is that HF is the end stage
of many heart diseases, especially coronary artery disease.129

Existing heart problems, such as atrial fibrillation, may also aggra-
vate the prognosis of HF.129 The deeper cause and possible mech-
anism deserves further research. Therefore, more high-quality
studies are urgently needed to further clarify the cardiovascular
effects of air pollution.

In conclusion, the present systematic review and meta-analysis
provides compelling evidence for a significant association between
PM2:5, PM10, NO2, SO2, and CO and an increased risk for HF
regardless of short- or long-term exposure. Our results reinforce
the impact of air pollution on cardiovascular health. Sustained
public and environmental policies and actions aimed at controlling
air pollution are needed to reduce the burden of HF.T
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